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Deciphering causes of glaciations and their abrupt terminations over the last >700,000 yrs 
remains an important problem for understanding the behavior of the climate system and how it might 
change in the future. In particular, the role of the Southern Hemisphere (SH) Westerlies in global change 
has arisen as an important research direction. Glaciers are highly sensitive to climate change. Examination 
of mid-latitude glaciers under the influence of westerly wind systems in both hemispheres can help 
provide insight into the role of the Westerlies in climate change. In this thesis, I present a twofold strategy 
to refine knowledge of the links between behavior of the Westerly wind systems and glaciation: 1) I 
present an analysis of modern glacier snowline datasets together with results from a state-of-the-art 
climate reanalysis to evaluate modern controls glacier behavior. 2) I provide a paleoclimate perspective 
on the role of the SH Westerlies in glacial climate by presenting and interpreting a 10Be chronology of 
terminal moraines constructed by the former ice-age Pukaki glacier, Southern Alps, New Zealand.  
First, I compared climate reanalysis data products and glacier snowline elevations from the 
antipodal Southern Alps of New Zealand and the European Alps to evaluate how broadly these glacier 
systems monitor atmospheric circulation. I derived empirical orthogonal function principle components of 
the snowline datasets and then determined correlations with climate data using the Pearson’s correlation 
method. The robustness of the results were evaluated using a student’s t-test, a detrending sensitivity test, 
and a Monte-Carlo analysis. Our results show strong regional (European Alps) and pan-hemispheric 
 
(Southern Alps) correlations between glacier snowlines and summer temperature at all levels of the 
troposphere. Snowlines also exhibit strong positive correlations with the latitude of the westerly jets in 
respective hemispheres. Our results indicate that (1) these glacier systems monitor atmospheric 
temperature on wide spatial scales, and (2) the westerly winds exert a first-order control on modulating 
the proportion of cold vs. warm air masses passing over these glacier systems.  
Second, I examined the paleo-glacier record of the Southern Alps of New Zealand to evaluate the 
role of the Westerlies in SH ice-age climate. In particular, I examine an important problem known as 
‘Mercer’s Paradox’, which is based on the observation that glacier systems in both hemispheres achieved 
ice-age maxima contemporaneously, despite opposing solar intensity signals. To address this problem, I 
present a 10Be chronology of terminal moraines constructed by the Pukaki glacier during the peak of the 
last ice age in the Southern Alps. My results indicate that the Pukaki glacier terminus achieved its greatest 
extent of the past ~65-kyrs at 20 kyrs ago, in concert with the maximal extents of Northern Hemisphere 
ice-sheet volume and mountain glacier maxima. These results further reinforce Mercer’s Paradox. They 
are also consistent with the behavior of the SH Westerlies. I suggest that the influence of equatorward-
shifted austral Westerlies on Southern Alps glaciers during the last glacial maximum (LGM), and on the 
climate system as a whole, may provide a solution to Mercer’s Paradox.  
Taken together, the results from these two chapters of this thesis highlight the utility of glacial 
measurements as metrics for atmospheric temperatures and wind belt positions in the past, present, and 
future. As the planet responds to the increasing atmospheric CO2 burden, the combined impacts of global 
tropospheric warming and poleward-shifting westerlies will likely drive accelerated snowline rise and 
enhanced melt of mid-latitude glaciers in both hemispheres, much like what happened during the 
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The cause of late Pleistocene glacial cycles and their abrupt terminations remains an important 
problem for understanding the behavior of the climate system and how it might change in the future 
(Denton et al., 2010; Gregoire et al., 2015; Putnam et al., 2013b). Decades of research has identified 
numerus potential feedbacks and forcing mechanisms, including orbital forcing, the bi-polar seesaw of 
oceanic heat redistribution, and greenhouse gas forcings (such as from atmospheric CO2 and water vapor) 
(Broecker, 1998; Broecker and Denton, 1990; Denton et al., 2021, 2010; Denton and Hughes, 1983; Hays 
et al., 1976; Saltzman and Maasch, 1988; Shakun et al., 2015). However, there are still many unresolved 
issues and unanswered questions with each of these hypotheses. In particular, the role of the Southern 
Hemisphere (SH) Westerlies within Heinrich stadials (HS) in glacial cycles has arisen as an important 
research direction (Denton et al., 2010; Shakun et al., 2015). Resolving mechanisms for past climate 
events that involved global climate reorganizations will aid in: 1) Developing a more unified 
understanding of how the climate system switches between different modes of operation, and 2) providing 
a theoretical framework for modeling future climate behavior. Using glacier records to develop a 
comprehensive chronology for the Last Glacial Maximum (LGM) and Last Glacial Termination (LGT) in 
various locations around the world will permit an important evaluation of the hypothesized feedbacks and 
forcing mechanisms that are involved with glacial cycles. In particular, glacier systems in the mid-
latitudes will further inform understanding of the role of SH Westerlies in abrupt Pleistocene climate 
transitions.  
In this thesis, I present a twofold strategy to refine knowledge of the links between behavior of 
the westerly wind systems and glaciation. In Chapter 2, I analyze correlations among glacier snowline 
elevations and climate variables (specifically temperature and wind) from the antipodal European and 





dominantly sensitive to tropospheric temperatures. I also show that the latitudinal position of the westerly 
wind belts play an important role in modulating temperature changes impacting glacier mass balance in 
the European and Southern Alps. In Chapter 3 of this thesis, I continue to explore the relationship 
between the SH Westerlies and glacier extent from a paleoclimate perspective. I explore an important 
problem known as ‘Mercer’s Paradox’, which is based on the observation that glacier systems in both 
hemispheres achieved ice-age maxima contemporaneously, despite opposing insolation intensity signals. 
To address this problem, I present a 10Be chronology of terminal moraines constructed by the Pukaki 
glacier during the peak of the last ice age in the Southern Alps of New Zealand. My results indicate that 
the Pukaki glacier terminus achieved its greatest extent of the past ~65-kyrs at 20 kyrs ago, in concert 
with the maximal extents of Northern Hemisphere ice-sheet volume and mountain glacier maxima. These 
results further reinforce Mercer’s Paradox. I suggest that the influence of equatorward-shifted austral 
Westerlies on Southern Alps glaciers during the Last Glacial Maximum (LGM), and on the climate 
system as a whole, may provide a solution to Mercer’s Paradox.  
The question of what climatic factors drove late-Pleistocene glacial cycles on a global scale 
remains a central problem of the earth and climate sciences. A longstanding hypothesis put forward by 
Milankovitch (1941), following Adhémar (1842), Croll (1875) and Murphy (1869), proposed that summer 
insolation, modulated by the effects of orbital precession, obliquity, and eccentricity, governed the 
fluctuations of earth’s mountain glaciers. This version of orbital theory predicted out-of-phase glacier 
fluctuations between the hemispheres, owing to the antiphases effects of precession on summer insolation 
at northern and southern latitudes. Benthic foraminiferal isotope records obtained from marine sediments 
confirmed a relationship between global ice volume and orbital forcing (Hays et al., 1976) (See Fig. 1.1). 
The ‘classic’ LGM (~19-26.5 ka BP; Clark et al. (2009); Clark and Mix (2002); Lisiecki and Raymo 
(2005); Mix et al. (2001)) refers to when Northern Hemisphere (NH) ice sheets achieved a maximum 
volume during the last glacial cycle. This maximum aligns with summer insolation minimum at 65°N, 





Hemisphere (SH) paleoclimate records. Despite antiphased insolation intensity with respect to the NH 
mid-latitudes, minimum sea-surface temperatures in the Southern Ocean (SO) (Hays et al., 1976), 
maximal ice extent in southern South America (Mercer, 1984; Denton et al., 1999), and the coldest 
temperatures of the last glacial cycle over the Antarctic Ice Sheet (WAIS Divide Project Members, 2013) 
also correspond to the timing of the classic LGM. Moreover, the general timing of the LGT was broadly 
synchronous between the hemispheres (Shakun et al., 2015; Fig. 1.2). Mercer (1984) referred to this as a 
problem that ‘defies satisfactory explanation’ by Milankovitch theory. 
Recent hypotheses suggest that a combination of forcing agents and feedbacks were important for 
driving ice-age cycles on a global scale, with orbital forcing being a fundamental component. One 
hypothesis is that summer insolation intensity has the greatest effect on NH mountain glaciers and ice 
sheets, and that enhanced (reduced) albedo from expansion (loss) of glacial ice transferred the 65°N 
signal to the whole planet (Denton and Hughes, 1983; Kawamura et al., 2007).  
An alternative hypothesis to explain globally synchronous glaciation posits that the SH climate 
system is more sensitive to the length of the summer season than to insolation intensity (Huybers and 
Denton, 2008). Because the effect of the precessional cycle on season length is antiphased with insolation 
intensity (due to Kepler’s Second Law), high summer insolation intensity in the NH coincides with longer 






Figure 1.1. Congruence between stacked marine records, sea level, and insolation at 65°N. (a) δ18O 
record (blue) from the L&R04 composite 57 deep-sea core stack (Lisiecki and Raymo, 2005), and sea 
level relative to present (red), reconstructed from Uranium-Thorium dating of coral that grows at known 
depths (Thompson and Goldstein, 2006). While δ18O is largely a proxy for global ice volume, and 
secondarily a proxy for deep ocean temperature, variations in sea level over the last million years are 
almost entirely due to displacement of water into ice volume. Therefore, the robust agreement between 
the sea-level and δ18O reenforce L&R04 δ18O as a proxy for ice volume over the Pleistocene. (b) The δ18O 
record is compared to peak summer insolation intensity calculated for 65°N (Berger and Loutre, 1991). 
The red fill under the dotted line illustrates the maximum ice volume reached during glacial maximum. 
The last 4 terminations, shown by vertical grey lines show how terminations occurred when ice volume 
had reached a maximum and the insolation intensity was rising after periods of little variability. Figure 






Figure 1.2. Simultaneous global glacial retreat. (a) δ18O records from the NGRIP ice core in Greenland 
and the Gulyia ice core in China. (b) δ18O and effective moisture record from Mamwluh Cave. (c) 30°N 
summer solstice insolation. (d) δ18O records from the EPICA Dome C ice core. (e-g) Glacier retreat 
plotted from 0-100% of its upvalley retreat length from the identified maximum Last Glacial Maximum 
(LGM) positions to present positions, or if no longer present, its catchment boundary. The LGM, the 
Bølling–Allerød (BA) and the Younger Dryas (YD) are shown as vertical blue and peach columns. This 
figure illustrates that most glaciers around the world underwent significant retreat at roughly the same 







Finally, changes in atmospheric CO2, a globally mixed greenhouse gas, has been suggested as a 
possible solution for unifying climate signals in both hemispheres (Shakun et al., 2015). There is strong 
correspondence between the general structure and timing of temperature and CO2 changes recorded in 
Antarctic ice cores (Fig. 1.3) (Delmas et al., 1980; Kawamura et al., 2007; Neftel et al., 1982). However, 
questions remain regarding whether CO2 is a primary forcing agent of glacial cycles (as proposed by 
Broecker et al., 2015; Broecker and Denton, 1990; Shakun et al., 2015, 2012), or whether it is a feedback 
(Denton et al., 2010, 2021). 
Another outstanding problem of ice-age climate theory is whether millennial-scale climate 
oscillations that occurred during glacial time and during the LGT, such as Heinrich stadials and 
Dansgaard-Oechger cycles (Fig. 1.4), are caused by internal oceanic processes, atmospheric processes, or 
a combination thereof. Fluxes of cold and fresh meltwater from surrounding ice sheets affected the 
surface of the North Atlantic Ocean (NA) during the stadials associated with these abrupt climate 
fluctuations. A prominent hypothesis is that meltwater fluxes from circum-North Atlantic ice sheets 
affected the Atlantic Meridional Overturning Circulation (AMOC) by reducing surface water density in 
the Nordic Seas (Broecker, 1998). By the Broecker (1998) hypothesis, dubbed the ‘bipolar seesaw’, 
reduced AMOC would have created a deepwater vaccum in the interior ocean, invigorating overturning 






Figure 1.3. Congruence between ice core temperature CO2 and sea level records. (a) δ18Oice isotopic 
composition in black from the Dome Fuji ice core and the temperature signal extracted from that record in 
orange (Kawamura et al., 2007) compared to (b) the composite Antarctic ice core CO2 record (Luthi et al., 
2008), showing a relationship between the two. (c) Sea level deviations from present, extracted from δ18O 
records with the temperature signal removed by Mg/Ca from the Cocos Ridge core are a measurement of 
ice volume (Lea et al., 2002). The peak summer solar insolation values for 65°N (red) and 65°S (blue) are 
overlain on the δ18Oice plots (Laskar et al., 2004), along with Heinrich Stadial 1 and 6 as vertical grey 







Figure 1.4. Northern and southern ice core records revealing linked millennial scale oscillations. (a) δ18O 
record from the Greenland NGRIP ice core on the GICC05 x 1.0063 chronology. (b) Discrete CH4 record 
from the West Antarctic Divide ice core (WDC) on the WD2014 chronology. (c) δ18O record from the 
WDC on the WD2014 chronology. (d) Antarctic temperature stack (ATS) on the AICC12 x 1.0063 
chronology. Dansgaard-Oeschger events aligning with Antarctic Isotope Maximum (AIM) events are 
shown as vertical yellow lines. Figure reproduced from WAIS Divide Project Members (2015). 
 
An alternative (but not mutually exclusive) hypothesis suggests that a type of bipolar seesaw may 
have functioned in the atmosphere. By this hypothesis, the combination of a cold freshwater lid on the 
NA, reduced northward heat transport, and expansion of winter sea ice would have flattened the 
interhemispheric meridional temperature gradient, causing a southward shift of the Intertropical 
Convergence Zone (ITCZ) and the NH and SH Westerlies (Denton et al., 2010; Toggweiler et al., 2006; 
Toggweiler and Lea, 2010). This hypothesis is supported by the observations from biogenic opal fluxes 
onto the SO seafloor, considered to be a proxy for upwelling strength, that suggest that the SH Westerlies 
were north of the Antarctic Circumpolar Current (ACC) during the ice age, and moved poleward during 
NA stadials, leading to increased SO upwelling along the ACC (Anderson et al., 2009) (Fig. 1.5). 





to the surface of the cold SO, heating the atmosphere and releasing CO2 (Toggweiler and Lea, 2010; 
Toggweiler and Russell, 2008). The opposite sequence of events would have occurred during NA 
interstadials, where invigorated overturning led to a northward shift of the ITCZ and austral Westerlies, 
leading to reduction of SO upwelling and SH cooling (Broecker, 1998; Rasmussen et al., 2016; 
Toggweiler and Lea, 2010; Toggweiler and Russell, 2008). Both the bipolar seesaw and wind-shift 
mechanisms could have worked in unison during NA stadials to warm the SH atmosphere (Denton et al., 
2010). 
 
Figure 1.5. Southern Ocean opal upwelling records from the LGT. (a) Deuterium records as a proxy for 
air temperature from the EPICA Dome C ice core on the EDC1 time scale. (b)  February SST from 
diatom species assemblages in core TN057-13PC. (c) Opal flux proxy for upwelling strength from 
TN057-13PC. Both opal flux and SST are on the published age model for TN057-13PC. (d) CO2 
concentrations in the atmosphere from the EPICA Come C ice core. The black line is on the EDC1 time 
scale, and the red line is on the Greenland Ice core Project 2 (GISP2) age model. (e) Radiocarbon content 
from the atmospheric CO2. The black line is the INTCAL reconstruction, and the red line is the Cariaco 
Basin record on the Hulu Cave age model. Vertical red bars indicate warming periods in Antarctica, while 






Finally, in a third hypothesis, dubbed the ‘Zealandia Switch’, Denton et al. (2021) propose that 
the latitude of the southern windfield modulated the expansion or contraction of the Indo-Pacific Warm 
pool during abrupt climate events, leading to global climatic changes driven from the SH. Much as with 
the ‘atmospheric bipolar seesaw’ described above, the Zealandia-Switch involved latitudinal SH 
Westerlies shifts. But by this hypothesis these shifts were the cause, not consequence, of stadial 
conditions in the NA region. Poleward-shifted austral Westerlies, modulated by orbitally-lengthened SH 
summers (Huybers and Denton, 2008; Fig. 1.6), would have led to a change in the structure of SH 
subtropical gyres, which in turn caused an expansion of the warmest waters on Earth in the tropical Indo-
Pacific region. A consequence would have been elevated poleward heat fluxes that would have increased 
temperatures over the ablation zones of large circum-NA ice sheets, thereby stimulating enhanced 
meltwater fluxes into the NA and producing stadial conditions. An expanded subtropical circulation 
provides a mechanism by which tropical water vapor could increase independently from CO2, thereby 
providing a potential driver of near-instantaneous global warming that could explain the sudden global 
retreat of mountain glaciers during the LGT. 
 
Figure 1.6. Comparison of variability in northern and southern summer length and solstice insolation. NH 
peak summer insolation intensity (black) and summer energy (yellow, using a cutoff threshold 
of 400Wm−2) at 65°N correspond with the SH summer duration (red, measured as day with diurnal 
average above 250Wm−2) and inversely correspond with SH winter duration (blue, days below 250Wm−2) 
at 77°S. This means that rises in NH summer insolation, often associated with termination events and 
rises in Antarctic temperature are occurring during a concurrent rise in SH summer duration, allowing for 





Discriminating among these hypotheses is important for determining the role of the Westerlies 
and CO2 in climate change, past, present, and future. Here, I aim to explore linkages between the SH 
Westerlies, glacial variability, and climate change. In Chapter 2, I analyze the relationships between 
modern-day mid-latitude glacier snowlines and atmospheric circulation. In Chapter 3, I provide a test of 
Mercer’s Paradox and present a 10Be chronology of moraines constructed during the peak of the last 
glaciation at Lake Pukaki, Southern Alps, New Zealand. My chronology provides insight into the relative 
timing of the SH LGM and LGT as compared to the north, and affords insights into the hypotheses 
mentioned above. Taken together, the material presented in Chapters 2 and 3 places modern and 
paleoglacier fluctuations into the context of the behavior of Earth’s most powerful wind system – the SH 






BI-HEMISPHERIC CORRESPONDENCE AMONG MID-LATITUDE GLACIER SNOWLINES, 
ATMOSPHERIC TEMPERATURES, AND WESTERLY WIND FIELDS 
Introduction 
1) Many contributions to the literature over the last few decades have used mapped and dated glacial 
moraine sequences to reconstruct past ambient climate (Oerlemans, 2005; Putnam et al., 2013b; Reynhout 
et al., 2019). Understanding the links between glaciers and climate is critical for accurately interpreting 
records of past glacier behavior (Klok and Oerlemans, 2003; Putnam et al., 2013b), and for refining 
predictive models of future change. However, the areal extent to which glaciers monitor atmospheric 
climate is unclear. The spatial scale monitored has implications for interpreting past climate states on the 
basis of compiled glacial records. This scale also determines the density of future glacial records that 
must be obtained to accurately characterize atmospheric conditions, past, present, or future. 
2) Here we examine this problem by comparing glacier snowline data from two antipodal mid-
latitude mountain ranges – the Southern Alps of New Zealand and the European Alps – with pertinent 
climate variables in the ERA5 Reanalysis (Hersbach et al., 2020). Specifically, we seek to determine the 
extent to which glacier snowlines correlate with variations in temperature and atmospheric circulation. 
We test the robustness of our glacier-climate analysis by performing the same method using instrumental 
temperature timeseries from each of the study locations. On the basis of both these analyses, we discuss 







Figure 2.1. Maps illustrating the locations of the index glaciers used in this study. (Top) South Island, 
New Zealand. Locations of 26 Southern Alps index glaciers chosen for analysis are indicated with 
filled red circles. (Bottom) Locations of 11 European Alps index glaciers selected for study are 
indicated by red circles. White patches show the glacier areas inventoried within the 2012 Randolph 
Glacier Inventory (RGI Consortium, 2017). South Island basemap digital elevation data (DEM) data 
was used with permission from Landcare Research New Zealand Limited. South Island hydrological 
polygons contain data sourced from the LINZ Data Service and licensed for reuse under CC BY 4.0. 
Background European DEM and River data © European Union, Copernicus Land Monitoring Service 






Glaciers and Climate 
 3) Glaciers are divided into an upper ‘accumulation area’ that gains mass throughout the year, 
where new snow exceeds melting/sublimation, and a lower ‘ablation area’ that loses mass during the 
year. The elevation of the line that divides these two zones is called the equilibrium line altitude (ELA). 
A positive (negative) ELA anomaly in a given year represents an increase (decrease) in the ablation 
area relative to the accumulation area, and thus negative (positive) mass balance. Therefore, a persistent 
increase (decrease) in the ELA will cause the glacier terminus to recede (advance). 
 4) ELA values have been recorded for nearly four decades on 11 study glaciers in the European 
Alps based on mass-balance observations cataloged by the World Glacier Monitoring Service (WGMS, 
[WGMS, 2017]; see Fig. 2.2b & d). In the Southern Alps, end-of-summer snowlines (EOSS) for 26 
index glaciers have been annually observed since C.E. 1978 using oblique aerial photography 
(Willsman et al., 2015; see Fig. 2.2a & c). In New Zealand, EOSS correspond closely with glacier 
ELAs (Chinn, 1995; Clare et al., 2002). Therefore, for this study we consider the term “snowline” to be 
synonymous with ELA. 
 5) Maritime glaciers of the Southern Alps are particularly sensitive to changes in atmospheric 
temperature (Anderson et al., 2010; Anderson and Mackintosh, 2006; Mackintosh et al., 2017; 
Oerlemans, 1997) and respond quickly to temperature changes due to their high mass-balance gradients 
(Clare et al., 2002; Oerlemans and Fortuin, 1992). Phases of negative (positive) glacier mass balance are 
associated with a northeasterly (southwesterly) airflow over the South Island of New Zealand (Chinn et 
al., 2012a; Clare et al., 2002; Fitzharris et al., 2007a, 1997; Hooker and Fitzharris, 1999; Mackintosh et 
al., 2017; Salinger et al., 2019; Tyson et al., 1997). These wind patterns correspond to the Rossby Wave 
arrangement of high and low pressure systems with respect to New Zealand. Northeasterly and 
northwesterly airflow modulate enhanced incursions of warm subtropical air masses from northerly 





Fitzharris, 1999; Mackintosh et al., 2017; Salinger et al., 2019; Tyson et al., 1997). Southwesterly and 
southeasterly airflow, in contrast, favors incursions of cold, subpolar air masses from southerly quarters, 
driving positive mass balance. 
 
Figure 2.2.Stacked glacier snowline records and the corresponding Principal Components (PC1). (a) 26 
Southern Alps glacier end of summer snowline records vertically separated by 0.4 z-score for clarity (b) 
11 European Alps equilibrium line altitude records vertically separated by 0.6 z-score for clarity (c) 
1PC from the EOF analysis of the Southern Alps records (d) 1PC of the EOF analysis of the European 
Alps records. 
6) Much as with Southern Alps glaciers, modeling and observational evidence show that glacier 
fluctuations in the European Alps are dominantly controlled by atmospheric temperature variations 
(Huss et al., 2010; Marzeion et al., 2012). Huss et al. (2010) found that regional modes of ocean-
atmosphere variability, such as the Atlantic Multidecadal Oscillation/Variability (AMO/AMV), can 
explain as much as 50% of glacier mass balance variance in the European Alps over the last 100 years. 





nature of the circulation changes behind this connection is debated (O’Reilly et al., 2016; Wills et al., 
2019). 
7) To determine correlations between snowline fluctuations and atmospheric climate changes, 
we analyzed European and Southern Alps snowline datasets together with results from the 5th 
generation global climate reanalysis from the European Centre for Medium-Range Weather Forecast 
(ECMWF ERA5) (Copernicus Climate Change Service (C3S), 2017; Hersbach et al., 2020). ERA5 has 
0.25° horizontal grid spacing, with an average horizontal resolution 31 km, 37 levels with a vertical 
resolution of ~1300 m, and extends from 1979 to present. Here we used the overlapping timeframe 
between the ERA5 and each respective glacier snowline dataset, and performed our analysis between 
the snowlines and each variable on 32 of the 37 pressure levels.   
Methods 
 8) Following the methodology of Mackintosh et al. (2017), we selected a subset of the available 
glacier records at each site that had data for at least 80% of the analysis timeframe. We selected 26 of 
the 51 Southern Alps index glaciers where the analysis timeframe was from 1979 to 2015, excluding 
the years 1990-1991. In the European Alps, we selected 11 glaciers from a pool of 17 for a timeframe 
from 1979 to 2017. We then standardized the data to a 10-year period representing the equilibrium 
snowlines, and performed an Empirical orthogonal function (EOF) analysis on each dataset using the 
methodology found in Russell and Wallace, (2004). Selected 10-year glacier equilibrium periods 
spanned 2001-2010 for the Southern Alps and 2006-2015 for the European Alps (See supplementary 
materials for a discussion of this base period). Notably, the analysis results are not sensitive to the time 
frame used for the base period. The 1st principal component (PC1) of each dataset was used as the 
timeseries for correlation analysis with climate reanalysis data. 
 9) Monthly averaged data from ERA5 were used to create yearly seasonal timeseries by 





August (JJA) in the Northern Hemisphere (NH) and December-February (DJF) in the Southern 
Hemisphere (SH). We then calculated the Pearson’s correlation coefficient (r) between each climate 
reanalysis cell and the PC1 of the glacial records to create a gridded map of correlation values. A 
student’s-t-test was applied to mask all correlated cells outside of a 90% confidence interval on the 
map. Results were still robust using a 95% confidence interval. Notably, the robust spatial pattern of 
correlation between the glacier snowline PC1 timeseries and the ERA5 climate data was not sensitive 
to the methodology used to construct the snowline timeseries and showed significance in a Monte Carlo 
Analysis (see supplementary material). 
 10) We repeated the analysis in fall, winter and spring quarters (not shown), but the highest 
spatial correlation values were determined from the summer (i.e., ablation) seasons, followed closely 
by spring (March-May in the NH and September-November in the SH). 
11) Instrumental temperature timeseries used for correlation analyses are from the New 
Zealand seven-station (NZ7S) record (Mullan et al., 2010; Stuart, 2020). We requested a unique version 
for our research from NIWA so that we would have the monthly values for each station. The European 
Alps instrumental records came from the 6 HISTALP monthly regional homogenized temperature 
timeseries (Auer et al., 2007; “Station mode CSV Export,” n.d.), treating each region as a station in the 
analysis. We used the same period (1979-2015) as for the glacier correlation analysis, described above, 
and we selected the same three-month summer averages: DJF for New Zealand and JJA for the 
European Alps. We prepared the instrumental record timeseries the same way as for the glacier 
timeseries, and then the instrumental PC1 was correlated with ERA5. 
Results 
12) Results are summarized in the four correlation maps of Fig. 2.3 and again, showing the 3D 
structure through the pressure column, in four models in Fig. 2.4. We find that Southern Alps glacier 





0.28–⁠0.80), between 20–⁠55°S (Fig. 2.3a & 2.4a). All reported correlations pass the student’s t-test at a 
90% CL, with the lower end of the ranges, 0.28 above, representing the cutoff for significant correlation 
values. The bands extend from sea-level to ~150 mb, and slopes towards the pole by ~5° with 
tropospheric height. Above New Zealand the temperature covariance extends upward and equatorward, 
forming an arch through the upper troposphere into the Indo-Pacific warm pool region (r = 0.28–⁠0.75; 
cross section of Fig. 2.4a). Additionally, there is a positive horseshoe-shaped covariance (r = 0.28–⁠0.69) 
below 400 mb over the northern, eastern equatorial, and southern Pacific (cross section of Fig. 2.4a). 
Finally, there is a complementary negative correlation (r = -0.28–-⁠0.62) over the equatorial western 
Pacific, from sea-level to 250 mb. The mid-latitude temperature patterns match the summertime mid-
latitude westerlies of each hemisphere (Fig. 2.3 & Fig. S2.3). 
 
Figure 2.3. Correlation maps between snowline PC1s and ERA5 variables at CL = 90% for the 1979-
2015 timeframe. Correlation between the New Zealand PC1 snowline timeseries and austral summer 
reanalysis temperature (A) and wind speeds (B) at 500 mb. Correlation between the European Alps PC1 
snowline timeseries and northern summer reanalysis temperature (C) and wind speeds (D) at 500 mb. 
Arrows overlying indicate the relative wind speed with direction determined by the orientation and 







13) Southern Alps snowlines are significantly correlated (anticorrelated) with wind speeds in near 
circumpolar hemispheric bands poleward (equatorward) of the South Island. These bands range in value 
from r = 0.28–⁠0.75 (negative r = -0.28–⁠-0.67). They are centered over 60°S (40°S), (Fig. 2.3b) and extend 
from sea-level to 100 mb (Fig. 2.4b). Southern Alps snowline fluctuations also match wind speed 
variations (r = 0.28–⁠0.77) between 15°S–⁠15°N over the equatorial Pacific. Finally, Southern Alps 
snowline fluctuations are significantly correlated (r = 0.28–⁠0.55; anticorrelated, r = -0.28–-⁠0.68) with 
wind speeds over the North Pacific, centered over 50°N (25°N). The snowline correspondence with winds 
over the North Pacific is evident throughout much of the troposphere. 
14) European Alps glacier snowlines covary with regional mid-latitude summer atmospheric 
temperatures (r = 0.27–⁠0.70; Fig. 2.3c & 2.4c). Two primary bands of correspondence stretch diagonally 
towards the pole from west to ⁠east (the center moving from 40°N to ⁠60°N). One band stretches over the 
North Atlantic and Western Europe, from 60°W–⁠60°E (Fig. 2.3c), and extends vertically from sea-level to 
250 mb (Fig. 2.4c). A second band stretches over the eastern North Pacific and Western North America, 
from 180–⁠110°W (Fig. 2.3c), and extends vertically from 900 mb to 250 mb (Fig. 2.4c). The most 
prominent feature of the correlation map is a circumpolar region of positive correspondence that straddles 
the tropics and subtropics, 25°S-30°N, (r = 0.27–⁠0.67), and extends vertically from sea level to 125 mb. 
The correspondence contracts equatorward up to ~400 mb, and then expands poleward, reaching 40°S–
⁠40°N above 250 mb. There is also a discontinuous relationship with SH mid-latitude temperature that 
vertically stretches from 900–300 mb (r = 0.27–⁠0.57). Just as with the SH snowlines, the mid-latitude 
temperature patterns match the summertime mid-latitude westerlies of each hemisphere (Fig. 2.3 & Fig. 
S2.3). 
15) European Alps snowlines show significant correlations (anticorrelations) with regional bands 
of mid-latitude winds speed in northward (southward) positions (Fig. 2.3d & 2.4d). The correlation values 





45°N to 55°N (35°N to 45°N). The positive band above the North Atlantic and Northern Europe, 50°W–
⁠40°E, extend from sea-level to 100 mb, while the negative band, 15°W–⁠40°E, begins to appear above 700 
mb. The second, less prominent set of bands are located over western North America, between 130-
100°W and 40-60°N. This pair stretches vertically from 750-250 mb. Finally, European Alps snowlines 
covary with the near circumpolar extent of SH mid-latitude wind speeds (r = 0.27–⁠⁠0.54; Fig. 2.3d). This 
band is centered ~60°S, and is found vertically through much of the troposphere. 
Table 2.1. Correlation values determined for European (E.) & Southern (S.) Alps snowline PC1 values 
and regional climate indices. The European dataset was assessed for the months of JJA (summer ablation 
season) and the Southern Alps dataset for DJF.  SAM = Southern Annular Mode (Marshall, 2003). PDO 
= Pacific Decadal Oscillation (Mantua, 1999 ). NAM = Northern Annular Mode (NAM). NAO = North 
Atlantic Oscillation (Chen and Van den Dool, 2003; Hurrell, 1995; Van Den Dool et al., 2000). AO = 
Arctic Oscillation (Thompson and Wallace, 2000; Zhou et al., 2001)(ref.). PNA = Pacific-North 
American Pattern (Barnston and Livezey, 1987; Chen and Van den Dool, 2003; Van Den Dool et al., 
2000). AMO = Atlantic Multidecadal Oscillation (Enfield et al., 2001; Sutton and Hodson, 2005). “AMO 
smoothed” represents a running 121-month average of the AMO timeseries (“Download Climate 
Timeseries: AMO SST: NOAA Physical Sciences Laboratory,” n.d.; Enfield et al., 2001). 
Index Correlation (r) 
  E. Alps S. Alps 
SAM (DJF) - 0.516 
PDO (JJA & DJF) -0.355 -0.498 
NAM(DJFM) 0.129 0.064 
NAO(JJA) -0.255 - 
AO -0.188 - 
PNA (JJA) 0.482 - 
AMO (JJA) 0.324 - 
AMO (JJA) smoothed 0.392 - 
 
16) The snowlines from both hemispheres correlate with a number of climate variability indices. 





Southern Annular Mode (SAM) with r = 0.516, and the European Alps snowline and JJA Pacific-North 
American Pattern (PNA) with r = 0.482, both significant using a student’s t-test at a 90% CL. Significant 
correlations with sea surface temperature (SST) modes of variability include the correlation between the 
European Alps snowlines and the smoothed JJA Atlantic Multidecadal Oscillation (AMO) with r = 0.392 
and with the JJA Pacific Decadal Oscillation (PDO) with r = -0.355. The Southern Alps PC1 is likewise 
correlated with the DJF PDO with an r = -0.497. 
17) Treating each station record like an individual glacier, instrumental temperature timeseries 
reveal a nearly identical pattern to snowline timeseries when regressed against ERA5 temperatures. NZ7S 
records covaried with nearly circumpolar bands of mid-latitude temperature and wind speed 
(anticorrelated/correlated equatorward and poleward bands respectively, Fig. S2.5a & b). HistAlp records 
covaried with regional bands of temperature over the North Atlantic/North Europe, and East 
Pacific/Western North America and a wide band of temperature in the tropics (Fig. S2.5c). HistAlp 
records also correlated/anticorrelated with wind speeds in equatorward/poleward bands over the North 
Atlantic/North Europe (Fig. S2.5d). 
Discussion 
 18) Southern and European Alps snowlines reveal patterns of coherence to atmospheric 
variables that are regional to global in extent. Snowlines in both localities monitor atmospheric 
temperature patterns that are coherent over large spatial scales, especially in respective mid-latitude 
settings (Fig. 2.3a & c; 2.4a & c). Moreover, we interpret the dipolar wind speed correlation bands 
straddling the mid-latitudes to indicate that snowlines are highly sensitive to the latitudinal position of 
their respective westerly wind belts (Fig. 2.3b & d; 2.4b & d). The positive poleward dipole suggests 
that snowlines are high when the core of the westerlies is in a poleward location, leading to negative 
glacier mass balance and ice recession. In contrast, snowline elevations are low when the westerlies 






Figure 2.4. Three dimensional maps showing correlations among ERA5 climate variables and glacier 
snowlines (PC1). Left: Southern Alps correlation fields for DJF temperature (a) and wind (b). Right: 
European Alps correlation fields for JJA temperature (c) and wind (d). Snowline-climate correlations 
were assessed at CL 95% . Maps are oriented at an oblique angle to enhance visibility of vertical 
structures. North is pointing to the bottom right corner. Extracted cross sections, delineated by white 
dotted lines, show the structure of the 3D correlation in the middle of the maps where visibility becomes 
more difficult. Images created in VAPOR. 
 
19) Southern Alps glaciers show nearly circumpolar hemispheric correlation with atmospheric 
mid-latitude temperatures. These correlations extend vertically from sea level to the top of the 





mass balance is generally temperature controlled (Chinn et al., 2005; Mackintosh et al., 2017). However, 
our analysis indicates a broader spatial correspondence than has previously been reported. The vertical 
continuity of the correspondence suggests that relationship with temperature relates to large scale 
atmospheric circulation. Furthermore, the “arch” of correlation with temperature through the top of the 
troposphere into the Indo-Pacific illustrates that the circulation extends there though the entire Hadley cell 
(Fig. 2.4a CS), indicating a potentially important relationship between heat export from the tropical “heat-
engine” and SH mid-latitude climate and glacier mass balance. 
20) Southern Alps snowlines are also strongly connected to the latitude of the SH Westerlies. 
The covariance of snowlines and the latitude of the austral Westerlies has at least two possible physical 
explanations. The position of the Westerlies could be impacting the amount of precipitation over the 
Southern Alps, providing an accumulation control on the glaciers. Alternatively, they could be 
controlling the incursion of warm subtropical and cold subpolar air masses over the glaciers, producing 
a temperature control of glacier mass balance, as discussed in the study area section. Thus, periods of 
poleward contraction of the Westerlies that bring in warm subtropical airmasses correspond with higher 
snowlines. And periods of equatorward expansion of the winds that bring cold subpolar airmasses 
correspond with lower snowlines. We prefer the latter explanation because it fits better with 
observations that temperature is the principal control on Southern Alps glacier mass balance (Anderson 
et al., 2010; Anderson and Mackintosh, 2006; Mackintosh et al., 2017; Oerlemans, 1997). Previous work 
found that the shifts in local circulation over the South Island, connected with Southern Alps mass 
balance, brought different temperature air masses over the glaciers (Fitzharris et al., 2007a; Hooker and 
Fitzharris, 1999; Mackintosh et al., 2017; Salinger et al., 2019; Tyson et al., 1997). However, any 
effects of enhanced (decreased) accumulation when the Westerlies are equatorward (poleward) would 





21) Here, we expand upon prior work and suggest that the effects of local circulation changes on 
glacier mass balance are connected to pan-hemispheric behavior of the austral Westerly wind belt. We 
suggest that covariation of mid-latitude temperatures and snowlines are governed by latitudinal shifts of 
the Westerly belt, moving the polar front. Not only is the pattern of correlation/anticorrelation with 
snowlines and the SH Westerlies nearly symmetric around the pole, despite great regional variations in 
the behavior of the surface Westerlies (Goyal et al., 2021), it also extends vertically throughout the 
troposphere, corresponding with the three-dimensional extent of the Westerly circulation. Such a broad 
spatial region of correspondence reinforces prior conclusions that the SH Westerlies connect Southern 
Alps mass balance with climate variations elsewhere in the SH mid-latitudes (Clare et al., 2002; 
Fitzharris et al., 2007a; Tyson et al., 1997). On the basis of these observations, we conclude that the 
circum-hemispheric austral Westerlies belt plays a fundamental role in regulating atmospheric 
temperatures and glacier mass balance in the SH mid-latitudes.  
22) We observe a similar widespread correspondence between European Alps snowlines and 
atmospheric temperatures, underscoring the importance of temperature as a dominant control on glacier 
behavior there. Our result is consistent with prior work that identified temperature as the leading 
climatic driver of European Alps glacier mass balance (Huss et al., 2010). Snowline-temperature 
correlations align with the mid-latitudes in two regional bands: one over the North Atlantic and western 
Europe, and one over the eastern Pacific. These correlations extend vertically throughout the 
troposphere, suggesting the temperature is connected to hemispheric-scale circulation. Furthermore, 
significant and positive snowline-temperature correlations are widespread in the deep tropics, extending 
throughout the tropospheric column. Thus, much as with our observations from the Southern Alps 
snowline-temperature correlations, we conclude that there is a strong relationship between mid-latitude 





23) Finally, as with our Southern Alps snowline-wind speed analysis, we also observe a 
corresponding, albeit more regional, relationship between European Alps glacier snowlines and the 
position of the westerly jet. This correlation extends throughout the tropospheric column in the North 
Atlantic region, and to some extent over western North America. Much as with our findings from the 
SH, our results suggest that the mid-latitude Westerlies play an important role in modulating the 
proportion of warm subtropical vs. cold Arctic air masses affecting glacier mass balance in the 
European Alps. We favor this hypothesis over a change in precipitation due to the glacier’s relative 
continental climate and greater sensitivity to temperature (Huss et al., 2010). Shifts in the NH 
Westerlies could explain the mid-latitude band of temperature fluctuations correlated with European 
Alps snowlines. We propose that it is the behavior of the Westerlies that, on a first order, links the 
continental European Alps to the climates of the North Atlantic and other regions of the Northern 
Hemisphere, as well as potentially with the tropics. 
24) Instrumental temperature timeseries from weather stations across each mountain range reveal 
nearly identical spatial patterns of correlation to snowline timeseries when regressed against ERA5 
temperatures. Such congruence of correlations supports the temperature-dependence of these mid-latitude 
glacier systems, and further indicates that glaciers afford a powerful representation of large-scale 
tropospheric temperature fluctuations. Therefore, glaciers can be used as reliable metrics for 
reconstructing past climates. 
 25) Our analysis shows that the strong (and in the SH, circumpolar) correlations found in the 
PC1 of the glacial records are minimally associated with recent climatic trends. Detrending the 
snowline records did not have a noticeable impact on results, indicating minimal autocorrelation 
effects. Instead, we find that the primary mode of snowline variability is in the decadal band. The 
primary mode of variability (PC1) in the Southern Alps snowlines is with the SAM, which describes 





(Fig. 2.3b & 2.4b). Likewise, the primary mode of variability (PC1) in the European Alps snowlines is 
with the PNA, which has been linked to the behavior of the NH Westerlies. There is also a strong 
correspondence between the Southern Alps snowline PC1 and the PDO index, in line with previous 
studies (Clare et al., 2002; Fitzharris et al., 2007b; Hooker and Fitzharris, 1999; Mackintosh et al., 2017; 
Tyson et al., 1997), however the physical significance of the PDO (as opposed to being low-frequency 
climate variability) is a subject of discussion (Mackintosh et al., 2017; McAfee, 2017, 2014; Tyson et al., 
1997). Likewise, European Alps PC1 correspondence to the AMO is prominent but lower than the value, 
r = −0.78, found in prior studies correlated to a 10 year running means of AMO (Huss et al., 2010).  
26) Quantifying how mid-latitude glaciers monitor zonal wind fields will aid in interpreting 
reconstructions of past glacier fluctuations based on mapped and dated glacial landforms. A number of 
studies have reconstructed glacier length fluctuations in the European and Southern Alps during the 
Holocene, Last Glacial Maximum, and Last Glacial Termination at the two sites in this study (Ivy-
Ochs, 2015; Ivy-Ochs et al., 2009; Oerlemans, 2005; Putnam et al., 2013b). Such paleo-glacier 
reconstructions could help to determine the role of the westerlies and tropics during past global climate 
changes. Further inspection of glacial snowline-climate connections in other parts of the world (i.e., 
Menounos et al., (2019)) could help to further quantify knowledge of glacier-climate relationships. 
27) These relations will also provide useful clues into how Earth’s climate will react to future 
poleward shifts in the Westerlies. A consequence of industrial atmospheric CO2 rise may be an 
‘inflating troposphere’ featuring a poleward intensification of the Westerlies over the coming centuries 
(Goyal et al., 2021; Toggweiler and Russell, 2008). Our results suggest that such a poleward shift could 
usher in warmer air masses to mid-latitude glacier systems, further enhancing ongoing melt and ice 
recession. Finally, we note that these highly sensitive glacier systems could serve as valuable metrics for 





Chapter 2 conclusions 
28) The results of this study show that mid-latitude mountain glaciers in New Zealand and 
Europe monitor climate on broad hemispheric and regional spatial scales, respectively. Strong correlation 
among recent snowline changes, temperature, and wind speed, point to an important role for the westerly 
wind systems in modulating air temperatures on these glacier systems, and therefore acting as a 
fundamental control on glacier extent in both hemispheres. The snowline-climate relationships articulated 
here can inform paleoclimatic interpretations of paleo-glacier reconstructions, with implications for 
understanding the past behavior of the westerlies and tropics and their importance in past global climate 
changes. Finally, the westerly wind systems in both hemispheres are projected to contract poleward over 
coming decades (Russell et al., 2006). Understanding links between glaciers and westerly behavior in past 
climate change will help us prepare for future changes. The tight links observed here between mid-
latitude glacier systems and wind-modulated temperatures indicate that ongoing and future poleward 
contraction of the winds will likely provide a powerful, and as-yet underappreciated feedback on mid-






A 10BE CHRONOLOGY OF TERMINAL MORAINES CONSTRUCTED DURING THE LAST 
GLACIAL MAXIMUM AT 44°S AT LAKE PUKAKI, SOUTHERN ALPS, NEW ZEALAND 
Introduction 
1) Large glacial-interglacial fluctuations lasting 100,000 years dominate the later part of the 
Pleistocene. These cycles appear to follow a sawtooth pattern of gradual cooling towards a temperature 
minimum and ice-volume maximum, followed by an abrupt, geologically rapid warming. Identifying the 
origin of glacial cycles is among the foremost unsolved problems in Earth Sciences. In one prominent 
hypothesis, Milankovitch (1941) suggests that orbital precession-forced fluctuations in maximum solar 
insolation forced these glacial cycles. This hypothesis was supported by marine sediment core isotope 
fluctuations that show temperature and ice volume responses to such orbital forcings, first from Southern 
Ocean (SO) marine sediment records (Hays et al., 1976), then later from a global planktonic and benthic 
stack (Imbrie et al., 1984; Lisiecki and Raymo, 2005). The anticorrelation between the first derivative of 
Northern Hemisphere (NH) ice volume fluctuations to NH high-latitude summer insolation change 
provided further support (Roe, 2006). However, this theory predicts that glacial maxima north and south 
would be antiphased on the orbital precessional cycle. The glacial maximum in the NH, when maximum 
isolation was at a low, should, by this theory correspond to a glacial minimum in the Southern 
Hemisphere (SH), when isolation was at a precessional maximum. However, a growing body of evidence, 
originating with Mercer (1984), shows near simultaneous glacial maxima and terminations between the 
hemispheres. Mercer (1984) described this problem as a “fly in the ointment of the Milankovitch theory” 
(Mercer, 1984). Moreover, previous glacier chronologies in the Southern Alps of New Zealand have even 
shown that millennial glacial advances occurred during all stages of the SH precessional cycles over 
Marine Isotope Stages (MIS) 3 & 4 (Doughty et al., 2015; Strand et al., 2019), making the relationship 





2) A suite of hypotheses are emerging to explain the apparent correspondence between NH and 
SH climate, as well as links between glaciation and orbital forcing. Some rely on hemispheric 
teleconnections through an atmospheric bi-polar seesaw and its resulting release of heat and carbon from 
the deep ocean by way of SH Westerly wind-driven upwelling (Denton et al., 2010; Toggweiler and Lea, 
2010).  Due to Kepler’s Second Law, precessional cycles of summer length are antiphased with maximum 
summer insolation intensity. Thus, one hypothesis suggests that synchronous glaciations between the 
polar hemispheres are due to NH ice masses, situated in continental climates, responding more sensitively 
to maximum insolation intensity, and SH ice masses, situated in oceanic climates, responding to season 
length (Huybers and Denton, 2008; Putnam et al., 2013b). Still another hypothesis, dubbed the Zealandia 
Switch, suggests that the effects of SH summer season length on the SH Westerlies reorganizes oceanic 
and atmospheric circulation on a global scale (Denton et al., 2021).  
3) Developing detailed reconstructions of glacial fluctuations in both hemispheres is key to 
discriminating among various hypotheses for how orbital variations influence global climate. Here, I 
present a 10Be surface exposure chronology for glacial landforms constructed during the peak of the last 
ice age in the Southern Alps of New Zealand. These data augment an extensive chronological dataset 
constraining the Last Glacial Maximum (LGM) and Last Glacial Termination (LGT) on the eastern side 
of the Southern Alps of New Zealand (Denton et al., 2021; Doughty et al., 2015; Kaplan et al., 2013, 
2010; Kelley et al., 2014; Putnam et al., 2013a, 2013b, 2010a; Schaefer et al., 2015, 2009; Strand et al., 
2019). I focus on one of the best-preserved sequence of moraines in the world (Denton et al., 2021) for 
constraining the timing of the peak of the LGM and the onset of the LGT.  
Study Area 
4) New Zealand is in a maritime environment located in the SH mid-latitudes (Fig. 3.1). New 
Zealand’s location antipodal to the North Atlantic (NA) region makes it an ideal site for evaluating 





by the Subtropical Front (STF), which is the equatorward (northern) boundary of both the SO and the 
Antarctic Circumpolar Current (ACC). The Leeuwin Current (LC) and East Australian Current (EAC) are 
the dominant local currents flowing around the neighboring continent of Australia on the south and east 
sides, respectively, injecting warm subtropical waters into the Tasman Sea (Fig. 3.1). 
 
Figure 3.1. Local oceanic and atmospheric circulation map around New Zealand. New Zealand is located 
just north of the southern Subtropical Front and within the path of the SH Westerlies. Other important 
features of regional ocean circulation include the East Australian Current (EAC), the Leeuwin Current 
(LC), the South Equatorial Current (SEC), and the Indonesian Throughflow (ITF) (adapted from Putnam 
et al. (2012), Strand et al. (2019), De Deckker et al. 2012, and Carter et al. (1998)). 
 
5) The Southern Alps form the spine of the South Island. The ridge of the mountain chain, with 
an average height of about 2000 m a.s.l., constitutes the major hydrologic divide of the South Island, 
called the Main Divide. At 3724 m, the highest point along the Main Divide is the summit of Aoraki/Mt 
Cook, which lies at the head of the Lake Pukaki drainage basin, the area of focus in this study. The major 
outcropping bedrock east of the Main Divide is Mesozoic era quartzo-feldspathic greywacke sandstone 
and argillite mudstone (Cox and Barrell, 2007), the former providing good samples for exposure age 
dating. Due to the combination of regional windfield, maritime placement and mountain orthographic 
effects, the Southern Alps induce a steep west-east precipitation gradient. The precipitation averages 





slopes, reaching 0.6 m/yr at the southern end of Lake Pukaki (Henderson and Thompson, 1999), where 
the moraines in this study are located. The mean annual temperature on the central East and West Coasts 
of the Southern Island is ~12°C (Barrell, 2011). 
6) The Southern Alps lie in the path of the northern edge of the SH Westerlies – the strongest and 
most continuous wind system on the planet. The SH Westerlies play an important role in many of the 
recent hypotheses to explain Pleistocene glacial cycles and their sudden terminations (Denton et al., 2021, 
2010). We found in Chapter 2 that Southern Alps glaciers’ mass balance is closely tied to contrasting 
temperature equatorward and poleward air-masses, alternately brought over the glaciers by Latitude shifts 
in the SH Westerlies. Thus, these glaciers’ records are well positioned to reconstruct the previous glacial 
cycle behavior of the SH Westerlies, helping test prominent hypotheses on the mechanics of glacial 
cycles.  
7) Currently, more than 3000 inventoried glaciers covering 1158 km2 are found in the Southern 
Alps in cirques and up glacial valleys (Chinn et al., 2005). During the LGM, these isolated glaciers 
expanded, coalescing to form extensive ice fields in much of the Southern Alps. Ice tongues then 
extended down on both the east and west flank of the Southern Alps from this expanded ice mass, and 
spread out into a series of piedmonts. The glaciers carved out glacier troughs, now occupied at their far 
end by pro-glacial lakes such as Lake Ohau, Lake Pukaki, and Lake Tekapo (Barrell, 2011; Barrell et al., 
2011). Sequences of lateral and terminal moraines lie on the flanks surrounding the troughs (Fig. 3.2) 
(Barrell, 2011; Barrell et al., 2011).  
8) The Pukaki glacier drained the highest region in the Southern Alps into the Mackenzie Basin 
during the LGM. There, the glacier constructed sequences of lateral and terminal moraines, outwash 
terrain, and kame terraces just outboard of the present-day post-glacial Lake Pukaki (Barrell et al., 2011). 
The Lake Pukaki outlet has been impounded and raised to provide storage water for hydro-electric power 





Speight, 1963). These moraines have been the focus of previous dating efforts (Doughty et al., 2015; 
Kelley et al., 2014; Schaefer et al., 2015; Strand et al., 2019). During the LGM, the Pukaki glacier was 
~85 km long and 1300 km2 in area (Porter, 1975). Inboard of Lake Pukaki, the outwash plain of the 
Tasman River is located on the valley floor, as well as Late Glacial and Holocene moraine deposits 
(Barrell et al., 2011; Kaplan et al., 2013; Putnam et al., 2010a; Schaefer et al., 2009). Glacial modeling 
shows that a 6 - 6.5 °C reduction in temperature, facilitating a ~900 m drop in snowline over New 
Zealand, would have sustained glaciers at their Last Glaciation moraines. (Golledge et al., 2012; Putnam 
et al., 2013b). 
9) The Pukaki glacier trough is asymmetric in profile. It has a gently sloping left-lateral (eastern) 
margin and a comparatively steep right-lateral (western) margin, banked against the eastern flank of the 
Ben Ohau range (Fig. 3.2). The left-lateral morainal landscape is broad and gently sloping, allowing for 
preservation of distinct moraine ridges. The left-lateral sector of the Pukaki moraines has been the focus 
of previous studies (Doughty et al., 2015; Kelley et al., 2014; Strand et al., 2019). In contrast, the terminal 
moraine area located at the southern end of Lake Pukaki has limited age control.  Following (Barrell and 
Read, 2014), the glacial deposits outboard of Lake Pukaki are divided into 4 geologic formations. From 
oldest to youngest these are the Wolds, Balmoral, Mt. John, and Tekapo formations. The last three 
collectively make up those deposits from the last glacial cycle. The Mt. John and Tekapo formations 
together compose the moraines deposited during the global peak of the LGM. The Balmoral moraines 
represent the farthest extent of the Pukaki glacier during the last cycle (Barrell, 2014), and were deposited 






Figure 3.2. The Pukaki and Ohau glacial troughs in the Mackenzie Basin. Pro-glacial lakes Pukaki and 
Ohau are dammed by moraines constructed during the last glacial period (corresponding to the ‘Mt John’ 
and ‘Tekapo’ phases of glacial advance), shown in red. Moraines corresponding to earlier glacial phases 
(‘Balmoral’ and ‘Wolds’) are mapped in green units. The Lake Pukaki terminal moraines study area is 






10) We used 10Be cosmogenic nuclide dating to construct a chronology for the Lake Pukaki 
terminal moraines. Samples were collected in January through March of C.E. 2020. The primary lithology 
of the Pukaki moraine boulders is hard quartzo-feldspathic greywacke sandstone, which is well-suited for 
surface-exposure dating with proper preparation. The field team sampled from gently rounded or flat-
topped boulders that are well embedded in the tops of moraine ridges (Fig. 3.3). Likewise, the field team 
avoided boulders that might have been disturbed by human activity, fluvial processes, or slope activity, as 
well as samples showing possible evidence of post depositional erosion, such as fresh-looking surfaces, or 
anomalously scant lichen cover. Where possible, multiple boulders were sampled from each moraine 
ridge. 
 11) Samples were extracted from boulders via the “drill-and-blast” method (Kelly et al., 2008). 
The field team used a Hilti TE-6A rotary hammer drill to first bore a hole into the sample. We then 
inserted and detonated a 0.27-caliber blank using a 15-cm nail and hammer (Kelly et al., 2008). The 
dimensions of each boulder sample were measured, and their locations relative to their moraine ridge 
were recorded. Multiple photos of the samples were taken from different perspectives around their 
boulders, and the boulders were sketched. A written description was taken of each boulder’s appearance, 
location, surface, and overall quality. The strike and dip of the sample site was obtained via the GeoID™ 
theodolite application on an Apple iPad. The skyline surrounding each boulder was recorded with a 
clinometer in order to calculate the topographic shielding correction. Sample locations were recorded 
using a Trimble Geo7x GPS unit. The GPS measurements were differentially corrected against the Mount 






Figure 3.3.Examples of boulders sampled for 10Be surface-exposure dating. 
 12) Samples were processed for 10Be dating at the University of Maine Glacial Geology and 
Geochronology Laboratory following the methods of Schaefer et al. (2009) and Putnam et al. (2019). 
Isolation of 10Be from rock involves both physical and chemical separation techniques. Quartz is first 
isolated from the rock using mineral separation techniques, and then beryllium is isolated from the quartz 
by way of ion-chromatography. First, we described the rock samples by taking both the weight of the 
clast(s), aiming for about 250 g, and measuring the average thickness using a pair of calipers. Thickness 
measurements were taken at a series of points determined by a grid overlaid on the clast(s). If multiple 
clasts are used for the sample, We calculated the mass-weighted average thickness. The clasts were then 





rock fragments using a DFC No. 1 Crusher. Then the rock fragments were repeatedly cycled through a 
BRAUN Direct Brick Pulverizer while gradually decreasing the distance between the milling plates. 
Grains were sieved to isolate the 125-710 μm fraction. Next, we boiled ~150 g of the crushed and sieved 
material in H3PO4 and then in NaOH. The boiled samples were then subjected to multiple rounds of 
leaching in 5% HF/5% HNO3 solutions on a shaker table, and then in a 2% HF/2% HNO3 solutions in 
ultrasonic baths for 3-4 days, for 4-8 rounds, or until only clean quartz remained. A small, ~0.1 g, 
subsample was taken for an ICP purity check to verify that the quartz was clean (Al + Ca ≤ 2 mg/7g of 
sample).  
13) Once clean quartz was obtained, we extracted Beryllium from the quartz using ion-
chromatography techniques based on Kohl and Nishiizumi (1992). For each sample, we weighed ~7 
grams of the quartz into labeled teflon beakers. We added a 200 μl spike of LDEO 9Be carrier to each 
sample. We used LDEO carrier 7, which had an original concentration of 1024 ± 10 ppm, but due to 
evaporation, was 1078 ppm at the time of sample processing. To dissolve the carrier-spiked quartz 
samples, we added 40 ml of 49% HF acid to the samples. The samples took ~4 days to dissolve. Once the 
quartz samples were nearly dissolved, they were placed on a hotplate to evaporate the hydrofluoric acid 
and dissolved silica solution, leaving only a small crust of the remaining ions and cations. Chloride 
conversions were performed through repeated additions of concentrated HClO4 and 6M HCl, drying each 
addition down in-between. Next, the samples were centrifuged at 3500 rotations per minute for 5 minutes 
to precipitate the solids. Taking the liquid fractions from the centrifuge tubes, anions were extracted from 
each sample by letting it drip through prepared anion columns. Sulfate conversions were performed by 
adding 1 ml of 0.5M H2SO4 to each sample, and then repeated additions of diluted H2O2, until the 
remaining cations were left in a 0.2M H2SO4 solution. To separate the Ti and Al fractions from the Be, 
sample solutions were processed through prepared cation columns. In order to precipitate Be(OH)2 and 
purify the solutions, the pH of the Be fractions was adjusted to above 8.5 by adding NH4OH. The samples 





precipitation was performed. We made note of whether the precipitates between samples were consistent 
and comparable to the blank, especially after the second round. Finally, each sample was pipetted into a 
quartz crucible to be dried and combusted in a Lindberg Blue M programmable oven. The following day, 
the combusted BeO samples were combined with 1-2 scoops of Nb, and the mixtures were packed into 
stainless-steel cathodes for shipment. These procedures are also summarized at 
https://umaine.edu/earthclimate/research/glacial-geology-and-geochronology-research-
group/cosmogenicisotope/.  
14) 10Be/9Be ratios were measured at the Lawrence-Livermore National Laboratory Center for 
Accelerator Mass Spectrometry (LLNL CAMS). There, the ratios were referenced to the 07KNSTD 
standard for control (Nishiizumi et al., 2007). A procedural blank allowed for calculation and correction 
of 10Be backgrounds, which were typically <1%. Remaining analytical uncertainties were generally 
~3.5%. This includes the uncertainties associated with the blank used to correct the measured 10Be for 
contamination. 
 15) In translating the 10Be/9Be ratios to ages, I calculated the 10Be concentration (atoms/gram of 
quartz) for each sample, and then used the local ‘PNZ2’ Macaulay valley production-rate calibration 
dataset (Putnam et al., 2010b), combined with the ‘Lm’ scaling model. The ‘Lm’ protocol is a 
combination of the (Lal, 1991; Stone, 2000) atmospheric scaling model and the (Lifton et al., 2008) 
geomagnetic model, and provides the best agreement with local calibration control at the radiocarbon-
dated Boundary Stream Tarn landforms of the Pukaki right-lateral moraine belt (Putnam et al., 2010b). To 
calculate ages, I used a Matlab script modified from the CRONUS-Earth online calculator, version 2.2 
(Balco et al., 2008). Mean surface air pressure was incorporated into the MATLAB script from the NCAR 
monthly surface station climatology. A quartz density of 2.7 kg/m3 was assumed for all samples. All ages 
include corrections for measured sample thicknesses and topographic shielding. And following prior work 





apply erosion corrections, because of the resistance of greywacke boulders to erosion (Schaefer et al., 
2015, 2009, 2006). Also, the production-rate calibration dataset of Putnam et al. (2010b) also did not 
include corrections for erosion, thus incorporating any limited common effects of erosion into the 
production-rate calibration (Putnam et al., 2010b). I also applied no correction for snow cover. The 
boulders targeted for dating were exposed on the top of moraines and regional winter snow accumulation 
is minimal in this field area (Henderson and Thompson, 1999). 
Results 
16) A total of 33 samples on 7 moraines were processed for surface-exposure dating. From 
outermost to innermost, the moraines dated in this study have been informally named the Ursa Major, 
Angus, Marco, Polo, Chamomile, Rosehip, and Bitter End moraines, respectively. Exposure ages 
exhibited strong internal consistency (Fig. 3.4). The sample 10Be/9Be ratios and resulting calculated ages 
and uncertainties are listed in Table 3.1 & 3.2. The ages are referenced as years before 2020, the year of 
sample collection. Reported individual age uncertainties correspond with the 1σ analytical uncertainties, 
or ~3.5%. Samples that appear to be out of stratigraphic order, or else significantly different from the rest 
of the landform age population, are marked as outliers with a (*) next to the sample ID, and are excluded 
from final landform age calculations. Anonymously old exposure ages (high 10Be/9Be ratios) are likely 






Figure 3.4.Map of the 10Be cosmogenic nuclide ages at the site for this study on a 1-meter resolution lidar 
DEM. Purple circles show the 33 ages from this study, with labels grouped by landform. Pink circles with 
brown highlighted labels show ages obtained during previous studies (Denton et al., 2021; Schaefer et al., 
2015, 2006). Google Satellite Imagery ©2021 CNES Airbus, Landsat /Copernicus, Maxar Technologies, 
Plaent.com. 
17) Final landform ages are listed in Table 3.3. All samples found on each landform, minus 
outliers, are combined to calculate the arithmetic mean landform age, and standard error of the mean 
(SEM) of that age. I used a 2.1% production rate uncertainty calculated during the local production rate 
calibration (Putnam et al., 2010b). The combined landform age uncertainty is the SEM propagated in 
quadrature with the production rate uncertainty (i.e., ‘external uncertainty’). When comparing among the 
Pukaki moraine ages, we use the arithmetic mean ± SEM. The purpose of this approach is to avoid 





However, when comparing these moraine ages to far-field paleoclimate parameters, we consider the full 
landform age as the arithmetic mean ± external uncertainty (Table 3.4). Probability density graphs, 
(‘camelplots’), are shown in Fig. 3.6, and provide a visual representation of the sample populations. 
Table 3.1.Sample 10Be/9Be ratios and 10Be concentrations. 
 
Ursa Major Moraine  
18) The six ages measured on the Ursa Major moraine are normally distributed and range from 
17,443 ± 506 yrs to 18,939 ± 517 yrs. There are no outliers identified at (assessed using Chi-squared 
statistics, evaluated at 95% confidence). The arithmetic mean landform age [± SEM (external 





Table 3.2. Sample Lm ages ± 1σ arranged by landform. A * at the end of sample names indicate outliers 
excluded from sample statistics. All bold samples are those discussed in the text.  
 
 
Chamomile Moraine  
19) The three ages measured on the Chamomile moraine range between 17,549 ± 820 yrs and 
26,371 ± 529 yrs. The oldest age of 26,371 ± 529 yrs (PUK-20-43) is more than two standard deviations 
away from the other two ages and is out of morphostratigraphic order with respect to five older moraines, 
the ages of which are described below. Therefore, we consider this older sample to be an outlier and 
exclude it from further analysis. The remaining two ages cluster within error around the average age of 





Table 3.3. Glacier landform summary statistics. 
 
Rosehip Moraine  
20) The Rosehip moraine is located just outboard of the Chamomile moraine. Five ages measured 
on the Rosehip moraine range from 18,835 ± 652 yrs to 21,049 ± 846 yrs. Four ages cluster tightly. The 
youngest, 18,835 ± 652 yrs, forms a small young shoulder in the distribution, but is still within error of all 
4 other dates. The average landform age is 20,219 ± 384 (558) yrs.  
Marco Moraine  
21) The five ages measured on the Marco moraine make up an even normal distribution ranging 
between 19,776 ± 525 yrs at youngest to 21,340 ± 434 yrs at oldest. The average landform age is 20,527 ± 
250 (480) yrs. 
Polo Moraine  
22) The four ages measured on the Polo moraine form an approximately normal distribution and 
span 20,706 ± 593 yrs to 19,971 ± 431 yrs. Additionally, one outboard boulder age of 20,463 ± 385 yrs 
just off the Polo moraine ridge gave an exposure age within that range. However, excluding the outboard 







Figure 3.5. Probability density graphs (‘camelplots’) showing the age distribution for each glacial 
landform. The bold line shows the summed probability density from the individual sample gaussian 
curves part of the population below it. The arithmetic average is plotted as a vertical bold blue line in the 
center of the shaded blue area representing the Standard Error of the Mean (SEM). The external 
uncertainty (SEM + production rate uncertainty [2.1%]) is plotted as vertical red lines. The labeled 





Angus Moraine  
23) The six ages measured on the Angus moraine formed an approximately normal distribution 
that ranges from 19,766 ± 605 yrs to 21,193 ± 720 yrs. The average landform age is 20,397 ± 222 (464) 
yrs. 
Bitter End Moraine  
24) We measured three ages on the Bitter End moraine, adding to four previous ages reported in 
Schaefer et al. (2015) farther to the east on that moraine ridge. The ages reported here form a tight normal 
distribution with a range of 20,298 ± 417 yrs – 20,665 ± 410 yrs. Combining all of the ages from this 
moraine extends the range to between 19,042 ± 691 yrs and 22,314 ± 990 yrs. The arithmetic average age 
for the three samples in this study is 20,509 ± 109 (425) yrs, which is consistent with the average of the 
four earlier dates, 21,109 ± 720 (834) yrs (Schaefer et al., 2015). 
Discussion  
Chronology 
25) The seven moraines examined in this study cluster together into statistically distinguishable 
populations at ~18,200 yrs (18,166 ± 234 yrs, 18,226 ± 677 yrs) and ~20,000-20,500 yrs (20,219 ± 384 
yrs, 20,527 ± 250 yrs, 20,376 ± 189 yrs, 20,397 ± 222 yrs, 20,509 ± 109 yrs). The five moraines in the 
outboard belt, spanning ~3 km, gave statistically distinguishable ages ranging from the most outboard 
moraine in this study, Bitter End, at 20,510 ± 430 yrs, to Rosehip at 20,220 ± 560 yrs. Beyond Bitter End, 
the closet mapped landform is in Marine Isotope Stage 4, with an age of 67,710 ± 960 yrs (Schaefer et al., 
2015). This suggests that the Bitter End Moraine represents the most extensive terminal position of the 
Pukaki glacier since ~68,000 yrs in MIS 4. The two innermost moraines cluster together around ~18,200 
yrs, with the outer moraine Chamomile giving an age of 18,230 ± 770 yrs and the inner moraine, Ursa 





from its farthest preserved LGM extent and 0.5 km from Rosehip, to at least the position of the 
Chamomile moraine, within a few hundred years after 20,510 ± 430 yrs. Then by about 18,180 ± 620 yrs 
the glacier again reached its Chamomile moraine position, before quickly retreating past Ursa Major into 
Lake Pukaki and back to at least the position of the Birch Hill moraines by 17,480 ± 225 yrs ago. 
26) The chronology presented here is in general agreement with the chronology for the Pukaki 
left-lateral moraine complex (summarized in Denton et al. (2021); using the SEM for all grouped ages). 
The 18,073 ± 213 yrs belt matches the previously identified Tekapo moraine belt with an arithmetic mean 
age of 18,110 ± 58 yrs (n = 57) . The 20,395 ± 109 yrs belt meanwhile is indistinguishable from the 20 
kyr Mt. John moraine belt that has an arithmetic mean of 20,309 ± 104 (n = 54). The 18,073 ± 213 yrs 
belt in this study also aligns with outer sector of the Tekapo moraine belt, 18,220 ± 118 yrs (n = 18), from 
the neighboring Ohau glacier trough (Putnam et al., 2013b), and two final LGM moraines from Rakaia 
Valley, 17,840 ± 107 yrs (n = 5) and 17,960 ± 167 (n = 3). Our Tekapo moraine belt joins these others in 
setting the final glacial advance before retreat into late glacial positions at ~18,000 yrs.  
Implications for millennial-scale glacier-climate variability during the Last Glaciation and LGT 
27) The composite Southern Alps glacier chronology shows that local glaciers repeatedly pulsed 
to maximal extents in between millennial-scale climate events know as Heinrich Stadials (HS) (Fig. 6.7) 
(Doughty et al., 2015; Strand et al., 2019). Our new data here reenforces extensive classical LGM 
advances between HS2 and HS1, 23,340 to 17,480 yrs BP (Rasmussen et al., 2014). Then at the start of 
the LGT, ~18 ka, our moraine chronologies are consistent with the composite chronologies which record 
rapid glacier recession of at least 40% of full-glacial to interglacial lengths within about a millennium or 
so during the early phase Heinrich Stadial 1 (HS1) (Denton et al., 2021; Putnam et al., 2013a). The glacier 
reduction equates to a temperature change of ~3-4°C above LGM values, which corresponds with ~75% 
of the full-glacial to interglacial temperature change being accomplished by 16.5 ka. A subsequent period 





retreat recorded during these times suggests a sudden transition to a warm climate. Furthermore, 
similarities to moraine chronologies from the Chilean Lake District in southern South America (Moreno 
et al., 2015), and the European Alps in the NH (Ivy-Ochs, 2015; Monegato et al., 2017; Ravazzi et al., 
2012; Wirsig et al., 2016a, 2016b) indicate that this sudden glacier recession recorded in the Southern 
Hemisphere may have been a worldwide phenomenon. 
Fate of the Milankovitch & CO2 Hypotheses 
 28) Whereas Milankovitch would predict antiphased glaciation on precessional timescales, our 
data indicate coeval glacial maxima at ~20,00-24,000 yrs at 45°S and 45°N (Monegato et al., 2017; 
Preusser et al., 2011; Ravazzi et al., 2012; Wirsig et al., 2016a, 2016b). For example, the Garda glacier on 
the south side of the European Alps reached its maximum LGM extent at 24,900 yrs with inboard 
positions at ~23,000 yrs, ~19,500 yrs, and 17,500 yrs before inferred substantial retreat (Monegato et al., 
2017). At the nearby Oglio valley glacier, the LGM maximum postion at 25,800 yrs was followed by 
substantial downwasting starting at 18,000 yrs (Ravazzi et al., 2012). Rhine chronologies on the northern 
side of the Alps showed at least a pair of maximum LGM positions between ~24,000-22,000 yrs, before 
substantial retreat by ~17,500 yrs (Preusser et al., 2011). Rhone chronologies in the central Alps show a 
highest ice surface at 23,000 ± 800 yrs, then substantial lowering by 17,700 ± 800 yrs at latest (Wirsig et 
al., 2016b). Likewise, our moraine chronologies, shows a maximum LGM position at 20,395 ± 422 yrs 
(external uncertainty). This was followed by a nearly as extensive advance at 18,073 ± 420 yrs before 
substantial retreat by 17,480 ± 430 yrs at the latest (Denton et al., 2021). Overall, the Southern Alps LGM 
chronologies agree with the European Alps chronologies, and the termination of both mountain glaciers 






Figure 3.6. Comparison of the Lake Pukaki terminal moraine chronology with previously dated landform 
ages from at Lakes Pukaki and Ohau. (A) Probability density graphs for each landform in this study. (B) 
Probability density curves for each identified Pukaki glacier moraine belt (primarily obtained from the 
Mt. John and Tekapo left-lateral moraine complexes) as summarized in Denton et al. (2021). (C) 
Probability density graphs for the Ohau moraine chronology of Putnam et al. (2013b). (D) 65°S (orange) 
and 65°N (blue) summer insolation plotted on the left axis (Laskar et al., 2004), and atmospheric CO2 
concentrations from the EPICA Dome C ice core plotted on the right axis (Luthi et al., 2008). (E) A 
closeup of (A) with each landform given a separate color. Heinrich stadials (HS) are shown as vertical 
pink bands and labeled 1-6 (Rasmussen et al., 2014). 
29) Our results reinforce Mercer’s Paradox, though from the perspective of mountain glaciers 
outside the American Cordillera. Moreover, deglaciation was synchronous between these two locations, 





(Fig. 3.7). The composite Southern Alps chronology shows glacial advances during all phases of both NH 
and SH summer insolation cycles (Fig. 3.7). An alternative hypothesis attributes glacier advances during 
SH insolation minima at 65.0 ka and 31.5 ka, to orbital forcing, and all other glacial advances to 
atmospheric reorganizations (Shulmeister et al. 2019). However, our data, which show that the Pukaki 
glacier made it largest terminal expansion of the last 65,000 yrs at ~20,000 yrs, during a peak in SH 
insolation maxima, suggest that these SH insolation minima were not a key player in causing especially 
large Southern Alps glacial advances. 
30) One possible solution to Mercer’s Paradox is that changing concentrations of carbon dioxide, 
which is a well-mixed greenhouse gas, could have synchronized temperatures between the hemispheres 
during the Last Glaciation and LGT. Indeed, this hypothesis has been widely touted (Shakun et al., 2015, 
2012). However, one difficulty with the CO2 hypothesis is that glacier recession during the LGT outpaced 
the rise of CO2, such that Southern Alps mountain glaciers achieved near-interglacial configurations 
several millennia before CO2 rose to interglacial levels (Denton et al., 2021) (Fig. 3.7). Thus, CO2 may 
have instead served as a feedback instead of a driver of the initial warming associated with Southern Alps 
glacier recession 18-16 kyrs ago. 
Role of the SH Westerlies in the LGT 
 31) If local insolation and CO2 forcing were insufficient to explain the signature of glaciation in 
the Southern Alps during the LGM and termination, what then drove Southern Alps temperatures? Any 
proposed mechanism must account for the antiphased relationship between Southern Alps glaciers and 
Heinrich stadials. It should also be consistent with the sudden termination within a millennium or two of 
18,000 yrs that matches similar glacial records of the termination in Chile and the European Alps. Here, I 
propose that the SH westerlies may provide the missing piece of the puzzle to help solve Mercer’s 
Paradox. As described in Chapter 2, the leading mode of variability of Southern Alps glaciers in the late 





influence of warm subtropical and cold subpolar airmass over the glaciers (See Chapter 2). The Southern 
Alps achieved LGM positions when the SH Westerlies maintained an equatorward position relative to 
present, which would have expanded the boundary of the Southern Ocean and increased the influence of 
cold subantarctic air masses on glacier mass balance (Anderson et al., 2009; Bostock et al., 2015; Lamy et 
al., 1999; Sikes et al., 2009; Stuut and Lamy, 2004). Conversely, sudden retreat during HS1 appears to 
have coincided with an abrupt poleward shift of the Westerlies and the outer boundary of the Southern 
Ocean (e.g., Anderson et al., 2009; Lamy et al., 2007; Sikes et al., 2009), leading to increased influence of 
warm subtropical airmass on mid-latitude glaciers. In addition, peaks in the Southern Ocean opal flues 
during earlier Heinrich Stadials of the last glacial period correspond to intervals in between moraine 
construction, implying glacier retreat during those times (Fig. 3.7). Thus, it appears that glacier 
fluctuations in the Southern Alps may have been tied to shifts in the Westerlies during the last glacial 
cycle. 
32) A recent hypothesis suggested that latitudinal shifts of the SH Westerlies modulated the 
expansion or contraction of the Indo-Pacific Warm pool during abrupt climate events, leading to global 
climatic changes driven from the SH. Poleward-shifted austral Westerlies, modulated by orbitally-
lengthened SH summers (Huybers and Denton, 2008), would have led to a change in the structure of SH 
subtropical gyres, which in turn caused an expansion of the warmest waters on Earth in the tropical Indo-
Pacific region (Fig. 1.7). A consequence would have been elevated oceanic poleward heat from the 
Indonesian Throughflow, through the Agulhas Leakage and into the North Atlantic (Denton et al., 2021). 
An expanded subtropical circulation also provides a mechanism by which tropical water vapor could 
increase independently from CO2, thereby providing a potential driver of near-instantaneous global 
warming that could explain the sudden global retreat of mountain glaciers during the LGT. Chapter 2 
found strong evidence for a connection between mid-latitude glacier mass balance and a tropical heat 





Chapter 3 conclusions 
• The Pukaki Glacier, like other glaciers in the Southern Alps, repeatedly expanded to a maximum 
classical LGM position from about 21,000-18,000 yrs BP before undergoing rapid retreat to at least 
Late Glacial positions. 
• The combined chronology with previous dates from the Pukaki Glacier and the neighboring Ohau 
Glaicer, as well as the synchroneity of retreat with other glacier records in Europe with opposite 
insolation signals, suggest that glacial fluctuations in the Southern Alps are not correlated with 
precessional fluctuations in summer insolation intensity.  
• Additionally, the chronology of retreat during the LGT suggests that CO2 may play more of a 
reenforcing mechanism in glacial terminations.  
• The Pukaki glacier was at a maximum classical LGM position when the the SH Westerlies were more 
poleward, and retreated in a coeval way with a rapid poleward shift of the SH Westerlies, suggesting 








If the Westerly winds indeed play a fundamental role in global climatic reorganizations, then their 
behavior over glacial cycles merits further study. Chapter 2 revealed that the SH Westerlies play an 
important role in modulating the air temperature over the Southern Alps of New Zealand thereby exerting 
considerable control over their recent fluctuations. Furthermore, correlations between the European Alps 
and the latitude of the SH Westerlies hint at a larger role for these winds in modulating global climate. 
The SH Westerlies have already been shifting poleward over the later part of the 20th and beginning of the 
21st century (Goyal et al., 2021; Hurrell and Van Loon, 1994), and climate models predict further 
poleward movement over the coming century (Goyal et al., 2021; Russell et al., 2006). The ongoing 
poleward intensification of the austral Westerlies could have the effect of reactivating the same 
mechanism proposed to have brought the ice age to an end, pushing the climate system into a new mode. 
In this context, future efforts should focus on studying the behavior of the winds during large transient 
climate events, such as during the LGT, because planetary climate change relevant to near-term human 
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CHAPTER 2 SUPPLEMENTARY MATERIALS 
Bi-Hemispheric Correlation Supplementary Material.  
 
Figure S2.1Raw annual glacier snowline records from the Southern and European Alps. (a) 26 











Figure S2.2 First 5 snowline principle components from the EOF analysis of (a) the Southern Alps 
records, and (b) the European Alps records. 
 
Figure S2.3 Average ERA5 1979-2019 reanalysis wind speeds at 500 mb in the Southern Hemisphere 
summer (A) and Northern Hemisphere summer (B). Arrows overlying indicate the relative wind speed 
with direction determined by the orientation and magnitude shown by the arrow length. 
 
Figure S2.4 Stacked instrumental temperature records and the corresponding Principal Components 
(PC1). (a) New Zealand seven-station (NZ7S) records vertically separated by __ z-score for clarity (b) 
6 HISTALP monthly regional homogenized temperature timeseries vertically separated by ___ z-score 








Figure S2.5. Correlation maps between Instrumental PC1s and ERA5 variables. A) Correlation between 
the New Zealand 7 station PC1 and austral summer reanalysis temperature (A) and wind speeds (B) at 
500 mb. Correlation between the HistAlp regional station syntheses PC1 and northern summer reanalysis 
temperature (C) and wind speeds (D) at 500 mb. Arrows overlying indicate the relative wind speed with 









Figure S2.6 First 5 Instrumental dataset principle components from the EOF analysis of (a) the New 









Figure S2.7 Standardized, stacked glacier snowline records and the corresponding average timeseries. 
(a) 26 Southern Alps glacier end of summer snowline records vertically separated by 0.4 z-score for 
clarity. (b) 11 European Alps equilibrium line altitude records vertically separated by 0.6 z-score for 
clarity. (c) The average timeseries from the standardized Southern Alps records. (d) The average 
timeseries from the standardized European Alps records. (just need to replace EOFs with averages 






Figure S2.8 Detrended, standardized, and stacked glacier snowline records and the corresponding 
average timeseries. (a) 26 Southern Alps glacier end of summer snowline records vertically separated 
by 0.4 z-score for clarity. (b) 11 European Alps equilibrium line altitude records vertically separated by 





average timeseries from the detrended European Alps records.
 
Figure S2.9 Correlation maps between standardized snowline PC1s and ERA5 variables. Correlation 
between the New Zealand average standardized snowline timeseries and austral summer reanalysis 
temperature (A) and wind speeds (B) at 500 mb. Correlation between the European Alps average 
standardized snowline timeseries and northern summer reanalysis temperature (C) and wind speeds (D) at 
500 mb. Arrows overlying indicate the relative wind speed with direction determined by the orientation 








Figure S2.10. Correlation maps between detrended snowline PC1s and ERA5 variables. Correlation 
between the New Zealand average standardized and detrended snowline timeseries and austral summer 
reanalysis temperature (A) and wind speeds (B) at 500 mb. Correlation between the European Alps 
average standardized and detrended snowline timeseries and northern summer reanalysis temperature (C) 
and wind speeds (D) at 500 mb. Arrows overlying indicate the relative wind speed with direction 







Figure S2.11. Principal Components (PC1) of European & Southern Alps. 
Table S2.1. Monte Carlo Analysis Results for four pressure levels, 250 mb, 500 mb, 850 mb, and 1000 
mb. Values between 0 to 1 give the probability of the correlations discussed in the paper being due to 
random chance where 1 indicates zero probability that the correlations are due to random chance. 
 
Monte Carlo Analysis Results 
Pressure Level 250 500 850 1000 
Southern Alps & Temperature 0.996 0.991 0.999 1 
Southern Alps & Wind Speed 1 0.998 1 1 
European Alps & Temperature 0.962 0.98 0.992 0.997 







Comparison of Methods 
 A subsample of the different methods used to prepare the snowline data for analysis with the 
ERA5 climate variables are outlined here. All methods resulted in similar results that would lead to the 
same observations and conclusions reached in the main text. 
Raw Average. The simplest method involved averaging the raw snowlines elevations timeseries (Fig. S1) 
together in each population (not shown) and comparing the resulting average timeseries with the ERA5 
climate variables (not shown). 
Standardized Average. Another variation involved first standardizing each individual glacier’s snowline 
timeseries, then correlating the average standardized timeseries (Fig. S7) with ERA5 variables (results in 
Fig. S9). 
Detrended Average. The above two analyses were repeated, this time detrending the raw and 
standardized individual glacier timeseries before averaging them into one composite timeseries. The 
detrended standardized data are shown in Fig. S8, and the resulting analysis maps in Fig. S10. When the 
1PC of the EOF analysis where detrended, they produced indistinguishable results from Fig. S10 (not 
shown). 
Filling Missing Data Values. There were many missing measurements on individual glaciers for certain 
years. Various methods were tried to fill them (not shown), including using the overall average snowline 
altitude of the glacier record as well as the year average of all glacier records in the population. The later 






> Values. There were also individual measurements assigned a greater-than value, especially in the 
European Alps dataset. The inclusion of these values did not majorly impact the results, so they were 
excluded for simplicity.  
ELA0 – The Steady State Snowline.  
The ELA0, the snowline altitude at which the glacier is in equilibrium in a steady climate, is the 
ideal value to base all snowline anomalies. Failing to approximate this number when constructing 
glacial snowline datasets might set the equilibrium value too high or low and lead to mismatches 
between the calculated snowline anomaly and the actual mass balance of the glacier. However, the 
ELA0 fluctuates with changes in the glacier morphology due to shifts in mean climate. The average 
snowline over a given timeframe approximates the actual average ELA0 over that same timeframe 
(Chinn, 1995; Clare et al., 2002) We do not have sufficient glacial morphological observations to 
determine the true ELA0 for each glacier, so we instead use this average. However, in our records of the 
ELAs or the EOSSs, most glaciers were either missing a few years of data, or else were not monitored 
during the complete analysis timeframe. Thus, in order to use comparable reference values between 
glaciers during standardization, we used a 10-year base period with ≥70% coverage at each site. 
Monte Carlo Analysis 
A Monte Carlo Analysis was performed to verify the significance of the correlations. 1000 
randomly generated time-series of the same length as the glacier PC1 were generated then correlated 
with the same ERA5 climate data on 4 separate pressure levels: 250, 500, 750, 1000 mb. The resulting 
correlation maps were averaged into a single value and then compared to the average of the 
corresponding correlation maps using the PC1 data. The correlation maps formed from actual glacier 
data scored significantly higher than the correlation maps produced from the randomly generated 
datasets. The results are summarized as the percentage of actual correlation maps with average values 





Glacier Snowlines Moving Together 
The individual snowlines from each mountain glacier at the two mountain ranges corroborates 
broad climatic correlation (Fig. 2 a & b). Each set shows a general uniformity suggesting that they act 
as a population responding to large scale climate phenomena. The correlation maps and the snowlines 
records highlight that alpine glaciers are measuring climatic conditions outside of their immediate 
surroundings. 
Furthermore, correspondence between these glacier populations hint at a response to global 
decadal climate fluctuations. There is a limited but statistically significant level of correlation between 
the 1st principal components of each glacier population over their common timeframe, r = 0.32. Fig. 
S11 illustrates the relationship between the two. It shows an especially high level of correspondence 
during the mid-1990s. The recent glaciological work and modeling suggest that a fast global climate 
transition occurred during the LGT (Denton et al., 2021). Determining the cause of glacial terminations 
may provide a crucial understanding for the modern ongoing climate transition. We speculate that since 
the prominent climate phenomena both glaciers respond to on decadal timeframes, the latitude of the 
Westerlies and tropical heat export, are also the mechanisms proposed to lift the Earth out of a glacial 
period during the LGT (Denton et al., 2021), the global signal detected by both glacier populations may 
be related to the mechanics of global climate change. If so, better understanding the climate phenomena 
that link these glaciers may be crucial for understanding the ongoing anthropogenic forced climate 







PREVIOUS STUDIES CONNECTING GLACIERS TO THE WESTERLIES - EXTENDED.  
The glaciated Southern Alps of New Zealand are an excellent region for determining climate 
correlation length scales. These mountains feature extremely sensitive and fast responding glaciers due to 
their high accumulation and ablation rates (Clare et al., 2002; Oerlemans and Fortuin, 1992). Southern 
Alps glaciers are also in the path of the Southern Hemisphere (SH) Westerlies, Earth’s most powerful 
wind system that is thought to play a role in major climate transitions (Toggweiler and Russell, 2008). 
Previous work found that negative mass balance in the Southern Alps when winds over the South 
Island came from the northeast or northwest, and when there was a prevailing subtropical blocking high 
just east of New Zealand in the southwest Pacific (Chinn et al., 2012b; Clare et al., 2002; Fitzharris et 
al., 1997; Salinger et al., 2019; Tyson et al., 1997) especially during the ablation season (Clare et al., 
2002; Salinger et al., 2019). Additionally, negative mass balance years also associate with ENSO, 
occurring during La Niña years (positive SOI) (Fitzharris et al., 2007a; Hooker and Fitzharris, 1999; 
Mackintosh et al., 2017; Salinger et al., 2019; Tyson et al., 1997) and occur more often during negative 
IPO periods (Chinn et al., 2012b; Fitzharris et al., 2007b; Salinger et al., 2019; Tyson et al., 1997). 
Positive mass balance correlated with years in which the prevailing wind direction came from the west, 
southwest and south, and when there was a low-pressure center over or just to the southeast of the 
South Island (Chinn et al., 2012c; Clare et al., 2002; Fitzharris et al., 2007a, 1997; Hooker and 
Fitzharris, 1999; Mackintosh et al., 2017; Salinger et al., 2019; Tyson et al., 1997), again most 
prominently during the ablation season (Clare et al., 2002; Salinger et al., 2019). Positive mass balance 
years are associated with El Niño years (negative Southern Oscillation Index or SOI) (Fitzharris et al., 
2007a; Hooker and Fitzharris, 1999; Mackintosh et al., 2017; Salinger et al., 2019; Tyson et al., 1997) 
and cluster around positive IPO (Interdecadal Pacific Oscillation) periods (Chinn et al., 2012b; 





 (Fitzharris et al., 2007a; Hooker and Fitzharris, 1999) connected the wind direction over New 
Zealand to the position of the Mid-Latitude Westerlies relative to the South Island. Thus, it appears that 
the position of the Westerlies set up the suite of local climatic conditions over the South Island that 
causes either advance or retreat in the glaciers. When the Westerlies are further equatorward (poleward) 
over the South Island, the southwestly (northeasterly) winds bring cooler (warmer) and more moist 
(dry) air to the Southern Alps that increases (decreases) cloud cover and altogether causes glacial 
advance (retreat) (Fitzharris et al., 2007a; Hooker and Fitzharris, 1999; Mackintosh et al., 2017; 
Salinger et al., 2019; Tyson et al., 1997). 
However, few studies explored the behavior of the SH Westerlies over New Zealand with their 
behavior elsewhere. (Clare et al., 2002; Tyson et al., 1997) have shown that the correlation between 
Southern Alps mass balance with the SH Westerlies extends further through much of the track of the 
Westerlies, including to the tip of South Africa. Some of the Southern Patagonia glaciers on the other 
side of the SH fluctuate in sync with the Southern Alps over the 20th century (Fitzharris et al., 2007a). 
This might indicate that the SH Westerlies simultaneously impacted both mountain ranges as it has 
shifted during the last four decades. 
In the European Alps there have been more equivocal results about the importance of the 
Westerlies on mass balance. There are conflicting results about whether the North Atlantic Oscillation 
(NAO), a pattern of climate anomaly that affects winter precipitation through fluctuations in the 
strength of the Northern Hemisphere (NH) westerly jet, affects glacier mass balance (Marzeion and 
Nesje, 2012; Reichert et al., 2001). This is because the increase of accumulation in the glaciers was 
offset by the increase in ablation season temperature. Modeling and observational studies show that 
European Alps glaciers are temperature driven (Huss et al., 2010; Marzeion et al., 2012). Another 
climate fluctuation index, the Atlantic Multidecadal Oscillation (AMO), which is better correlated to 





balance, explaining as much as 50% of variability over the last 100 years (Huss et al., 2010). The AMO 
is defined according to sea-surface temperatures (SST) anomalies over the North Atlantic, and was 
thought to relate to ocean circulation(O’Reilly et al., 2016), making its connection to the inland 
European climate unclear. However, other studies have linked the AMO to atmospheric circulation 
patterns (Clement et al., 2015; Wills et al., 2019) allowing for potential relationship between the 
Westerlies and the AMO’s influence on central European climate. 
Interestingly, the role NAO plays in Northern Hemisphere Glacier mass balance increases on 
glaciers poleward of the mid-latitudes, though the affects vary. Recent studies of observational data in 
14 glaciers from southern Norway extending up through Scandinavia up into Svalbard suggest the 
winter (November-March) NAO index can explain a strong proportion of glacier mass balance on the 
southern end of the range, but that this relationship grows somewhat weaker toward the pole where a 
negative AMO correlation develops (Bonan et al., 2019).  They suggest that the physical explanation 
for this is that stronger Westerlies during a positive NAO increase mass balance on these glaciers 
(Bonan et al., 2019). The increase in winter temperature associated with positive NAO does not 
increase the winter temperature above freezing at the termination altitude of these glaciers, thus having 
no counteractive ablation effect on this mass balance increase (Rasmussen and Conway, 2005). Other 
modeling studies found Norwegian glaciers mass balance shifting away from correlation with the NAO 
and towards AMO as the location moved inland (Trachsel and Nesje, 2015). Additionally, the influence 
of either North Atlantic climate index over the Norwegian glaciers increased as the magnitude of its 
anomaly increased and the anomaly in the other index decreased (Trachsel and Nesje, 2015). A modeling 
study even found that the polarity of the correlation between Scandinavian Glaciers and NAO reversed 
towards the northern end of the region, as apparently the summer NAO temperature anomaly outweighed 





However, it is crucial to note that a fundamental difference between the Scandinavian glaciers 
and those in the European Alps lies in the percentage of glacier fluctuation that can be explained by 
modes of climate variability vs long term (>30 years) trends in climate. The Scandinavian glacier mass 
balance is dominated by long term climate forcing such as anthropogenic climate change acting on 
summer temperature controls the majority of Scandinavian mass balance, with only a small portion of its 
mass balance explained by annual or decadal climate patterns such as the NAO (Bonan et al., 2019; Mutz 
et al., 2016). In contract, this study agrees with Huss et al. (2010) that found that the decadal pattern of 
variability such as the behavior of the Westerlies and the AMO accounts for a large portion of European 
Alp Glaciers mass balance. We speculate that the reason for this difference lies with the position of the 
mountain glaciers with respect to the Northern Hemisphere Westerlies. With the European Alps, the 
position of the glaciers near the average latitude of the Westerlies causes the glaciers to be subject to 
dramatic fluctuations in air masses on either side of the glacier as the Westerlies shift poleward and 
equatorward. Further north, there may be less exposure to subtropical airmasses, making short term 
temperature changes less dramatic, and long-term temperature changes dominate mass balance. Climate 
patterns enter through the fluctuations between drier polar easterlies and the northern side of the wetter 
Westerly jet stream, but these impacts are secondary to the summer ablation climate trend.  
Studies on the glaciers in Western North America show similar patterns to those in Europe. 
Menounos et al., (2019)  found that mass balance in the mid-latitude glaciers of the Western conterminous 
USA, like the European Alps, gained mass or lost mass more slowly when the Westerlies were in a more 
equatorward position, and vice versa for a more poleward position. Although much closer to the mid-
latitudes, glaciers poleward of these in British Columbia showed the reverse behavior, like the southern 
Scandinavian glaciers. Prior studies found that winter mass balance of  Western North American glaciers 
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